. ALTUNA, AMAIA IZA-MENDIA, and I. GUTIÉ RREZ Often, Nb contributes to the strength of a microalloyed steel beyond the expected level because of the grain size strengthening resulting from thermomechanical processing. Two different mechanisms are behind this phenomenon, and both of them have to do with the amount of Nb remaining in solution after hot rolling. The first of them is the increase of the hardenability of the steel as a result of Nb, and the second one is the fine precipitation of NbC in ferrite. Three Nb microalloyed steels were thermomechanically processed in the laboratory and coiled at different temperatures to investigate the effect of Nb content on the tensile properties. The extra strength was linearly related to the Nb remaining in solution after the hot working. The maximum contribution from Nb was reached for a coiling temperature of 873 K (600°C).
I. INTRODUCTION
THERMOMECHANICAL processing of Nb microalloyed steels produces improved mechanical properties when compared with C-Mn steels of similar composition. The two possible main strategies during hot rolling are conventional control rolling and recrystallization control rolling. [1, 2] In conventional rolling, the aim is to accumulate some strain in the austenite to enhance the number of nucleation sites for ferrite formation. In recrystallization control rolling, the aim is to limit grain coarsening during interpass times. Nb acts on the austenite microstructure through the solute drag effect, but it is used mainly for its ability to produce straininduced precipitation within the relevant temperature interval that induces strain accumulation in austenite before transformation. However, it is expected that sheet rolling involving a fast process with short interpass times at a finishing mill (~10 seconds) will not allow full precipitation of Nb before cooling. The Nb remaining in solution can affect the final microstructure and its mechanical behavior, and it is usual to obtain some extra strengthening that cannot be accounted for by the ferrite grain size and the solutes.
The contributions from different strengthening mechanisms to the yield stress of a low-carbon microalloyed steel can be considered additive, [3] leading to the following equation:
where d is the average grain size (mean linear intercept) of the ferrite and k is in 15 to 18 (MPa mm 0.5 ) range; [4] r p , r q , and r ppt are the contributions from pearlite, dislocations and precipitation, respectively; r 0 is the ferrite lattice friction stress, and r ss is the contribution from the elements in solid solution.
The contribution from a given solute is generally expressed as being proportional to its weight percent. [4] A linear relation has also been found for Nb, and early data from Morrison [5] gave for Nb a mean value of 1500 MPa/wt pct with an upper bound at 3000 MPa/ wt pct. Nb is a strong carbonitride-forming element that can precipitate at different stages during thermomechanical processing: (1) during hot rolling interpass times, (2) in austenite during the cooling after finishing rolling, (3) at the transformation interphase, and (4) homogeneously in ferrite or alternatively, it can remain in solution. This produces an important variability in terms of the expected contribution attributable to Nb and is the cause of the large scatter on the proportionality constant. [5] In a more recent work, a proportionality between the tensile strength increase and the Nb free , available to precipitate in ferrite has also been deduced, leading to a value of 2220 MPa per weight percent. [6] The Nb free concentration depends on the processing conditions, cooling rate, and transformation temperature. [6] A cooling rate higher than a critical value is needed to keep Nb in totally solution and get the maximum precipitation strengthening (general precipitation in ferrite). If the cooling rate is below this critical value, then the precipitation happens totally or partially in austenite, consumes Nb, and reduces the potential precipitation strengthening. This critical cooling rate has to be related to the steel chemistry and to the transformation temperature. [6] When Nb is left in solution, its contribution to the strength (and in particular the precipitation strengthening) is highly dependent on the coiling temperature. An extremely important amount of work has been dedicated to investigating the effects of Nb on the development of the austenite microstructure and on how this affects phase transformation. The available results dealing with the evolution of Nb after hot deformation are scarce. Nevertheless, a series of source studies is regularly cited, [7] [8] [9] [10] [11] [12] and some of them have been compiled in Table I. Based on these results, it is claimed that under industrial conditions, it is not possible to obtain a significant contribution from homogeneous precipitation of Nb in ferrite. Some of the industrially processed steels in Table I refer to Nb and Ti microalloyed steels, which present a complex precipitation pattern that combines some of the following phenomena: incomplete solutioning, partial precipitation in austenite, partial interphase precipitation, and some Nb+Ti remaining in solution for a coiling temperature of 903 K to 923 K (630°C to 650°C). [11, 12] The industrially processed Nb microalloyed steels were reheated at a relatively low reheating temperatures and were processed in such a way that most of the precipitation took place in austenite or at a coarse scale at the interphase for a coiling temperature of 923 K (650°C), which produced a ferrite-pearlite microstructure with an extra strengthening of 58 to 65 MPa. [7, 8] In the group of the laboratory-processed steels, those with a~0.02Nb content showed that relatively fine precipitates formed in austenite and apparently no further precipitation occurred in ferrite for a coiling temperature of 953 K (680°C), followed by air cooling to room temperature. [9] The result was that approximately 0.010 to 0.016 Nb remained in solution. When continuous air cooling to room temperature was applied, the A r3 was 1110 K and 1063 K (837°C and 790°C) for low and high Mn content, respectively, and different families of Nb-rich precipitates were detected (Table I) . [9] The presence of Nb in solution before transformation increases the hardenability of the steel, and frequently, quasi-polygonal and non-polygonal ferrite microstructures are obtained in Nb-microalloyed steels under cooling conditions that would produce equiaxed ferrite in C-Mn steels. The displacive type of transformation that produces nonpolygonal ferrite or bainite leads to highly dislocated substructures. [13] [14] [15] The dislocation density in bainite and martensites can be expressed by an empirical relationship that is valid over the temperature range 570 K to 920 K (297°C to 647°C), covering martensite, bainite, and Widmansta¨tten ferrite [16] log q ¼ 9:28480 þ 6780 T À 1; 780; 360 T 2 ðq in m 2 and T in KÞ
½2
where T is the transformation temperature. The expected contribution of the dislocation density in Eq. [1] can be expressed by where a is a numerical factor, M is the Taylor factor, l the shear modulus, and b is the magnitude of the Burgers vector. The actual contribution from the dislocations depends on the value assigned to aM. A value of aM = 0.4 has been taken into consideration for iron. [7] Alternatively, an empirical equation can be used [17] r q MPa ð Þ¼1:
where T the transformation temperature in°C. A value of a = 0.2 seems to make these two formulations reasonably compatible. [18] For a Nb microalloyed steel industrially coiled at 923 K (650°C), a dislocation density of 10 8 cm À2 was determined, [7] with a negligible contribution to the yield strength. In contrast, when applying in the laboratory an accelerated cooling (50 K/s) to 953 K (680°C) dislocation densities as high as 6 to 16 9 10 13 m À2 where reported, whereas air cooling to room temperature (A r3 = 1110 K or 1063 K [837°C or 790°C]) produced densities of 4 to 5 9 10 13 m À2 . [9] According to the preceding equations, these relatively high dislocation densities would significantly contribute to the mechanical properties.
The precipitation strengthening found in Nb-microalloyed steels is usually well described by AshbyOrowan's equation [3, 19, 20] r ppt ðMPaÞ ¼ 10:8
where f v is the volume fraction of the particles and x is the average precipitate diameter in micrometers. This equation, which applies to nonshearable particles, shows remarkable agreement when applied to low-carbon microalloyed steels. [19] For shearable precipitates, the dislocations cut through the particles and the corresponding shear stress becomes a function of the critical force to break the particle F. [21] The strengthening becomes highly dependent on the detailed interaction mechanisms between the dislocations and the obstacles (precipitates), and F becomes proportional to the particle size. [22] The result is that, independently of the interaction mechanism, for shearable particles, the critical resolved shear stress decreases for decreasing particle size.
It was shown previously [23, 24] that, depending on the coiling temperature applied to a 0.06C-1Mn-0.056Nb steel, different microstructures ranging from ferritepearlite to mixed microstructures can be produced. Some precipitation was also observed in ferrite. The current work is the second of a series of two that has gone in depth into this subject. The first part [25] was dedicated to investigating the ferrite microstructure obtained at high coiling temperatures by transmission electron microscopy. The ferrite, formed for a coiling temperature ranging between 873 K and 1023 K (600°C and 750°C), did not show significant differences in dislocation density, image quality maps, or grain boundary distribution. Both heterogeneous AlN precipitation at dislocation and discontinuous interphase Nb precipitation were observed for the coiling at 1023 K (750°C). Coiling at 873 K (600°C) produced a faster transformation to ferrite than at 1023 K (750°C), as well as a heterogeneous distribution of very fine Nb precipitates that followed the Baker-Nutting orientation relationship with ferrite. These precipitates were very stable when prolonging the holding time at 873 K (600°C) up to 48 hours. In this second part, we turn our attention to analyzing the effect on the mechanical properties, the effect of the processing conditions, and the steel composition, relating them to the microstructure and precipitation.
II. EXPERIMENTAL PROCEDURE
Three Nb-microalloyed steels are considered in the current work. The composition of the steels is shown in Table II . Steel A is the same one used in the first part of this study. [25] Plane strain compression tests were performed on industrially produced wrought steels to condition the austenite and investigate the effect of the coiling conditions. The load was applied on the initial rolling plane and perpendicular to the rolling direction. The applied thermomechanical sequences are detailed in Section III.
Tensile specimens were machined out from the central part of the plane strain compression specimens with the axis parallel to the longitudinal direction (former rolling direction). The tensile tests were performed at room temperature, with a strain rate of 10 À3 s À1 on a 4505 Instron testing machine (Instron Corporation, Norwood, MA) under strain control. The 0.2 pct proof stress and the ultimate tensile strength have been determined as a mean of at least two tests. A selection of steel A specimens was also tested in tension at temperatures in the range of 423 K to 623 K (150°C to 350°C) to investigate dynamic strain aging.
Specimens for optical microscopy were obtained from the plane strain compressed specimens at approximately the same location as the tensile specimen gage length. At small applied strains (i.e., e = 0.3), the tensile specimen section is smaller than the thickness of the deformed zone in compression. The mean grain size estimated over this region and that throughout the entire compressed section [23] can be significantly different. As the total applied strain increases, the difference reduces. The surface of the specimens was prepared by standard metallographic techniques and a final etching in 2 pct Nital. The ferrite grain size (mean linear intercept) and the pearlite volume fraction were determined by quantitative metallography techniques. [26] III. THERMOMECHANICAL SEQUENCES To define the thermomechanical schedules for the plane strain compression test, the MOFIPRE model [27] was used because it allows the recrystallization and the precipitation kinetics in austenite and the interactions between these two phenomena to be calculated. The deformation sequences applied to steels A, B, and C were slightly different.
Steels A and C were reheated at 1523 K (1250°C) and steel B at 1473 K (1200°C). The holding time was 15 minutes for steels A and C and 20 minutes for steel B, followed by cooling at~3 K/s to the deformation temperature. The following thermomechanical sequences were applied:
One-pass deformation sequence (S1): Deformation at 1373 K (1100°C) and 1 s À1 to a strain of e = 0.3 for steel A and e = 0.5 for steel B. For steel C, deformation was performed at 1323 K (1050°C) and 1 s À1 to a strain of e = 0.3. After deformation, a holding stage of 20 seconds was applied at the same temperature to assure the recrystallization of the austenite before cooling. According to the model predictions, these conditions are outside the range required for Nb carbonitride precipitation in austenite. For steel B, some Nb remains out of solution after the reheating (~0.012 pct). Two-pass deformation sequence (S2) is aimed at accumulating strain in austenite before transformation. The first pass was performed under the same conditions applied to the one-pass sequence, then cooling was carried out to the second deformation pass temperature: 1273 K (1000°C) for steel A and 1223 K (950°C) for steel B. The second pass deformation was performed at a strain rate of 1 s À1 and the deformation per pass was of e = 0.3 for the two steels. This sequence was not applied to steel C.
After both S1 and S2 deformation sequences, the following different cooling schedules were applied:
Coiling: The specimens were cooled to coiling temperature at approximately 5 K/s for steel A and 10 K/s for steel C. For steel B, a cooling rate of approximately 5 K/s was applied, and in addition, a rate of 15 K/s (fast cooling [FC] ) was also applied before coiling at 673 K and 573 K (400°C and 300°C). Coiling was simulated by holding for 1 hour followed by slow cooling into the furnace (~35 K/h) to room temperature. Coiling temperatures in the range 573 K to 1023 K (300°C to 750°C) were applied. Reference test (S1-R and S2-R): After the one-or two-pass deformation sequence (S1 or S2) described previously, the specimen was cooled at a rate of approximately 3 K/s to 1143 K (870°C) and held at this temperature for 1 hour. This was applied only to steels A and C and for a coiling temperature of 923 K (650°C). The strain-induced precipitation model predicts the full precipitation of the Nb as a result of this holding stage for steel A when processed according to the S2-R sequence. [25] Nevertheless, no precipitation is expected in steel C after the S1-R. Prolonged holding at coiling temperature: The same conditions applied to coiling were applied, except that the holding time was 6, 24, or 48 hours, instead of the 1 hour applied to the coiling simulations. This was only applied to steel A.
IV. RESULTS
Ferrite-pearlite microstructures are obtained in steel A for coiling temperatures equal to or higher than 873 K (600°C), leading to a pearlite volume fraction of approximately 5 pct. Examples of these microstructures are shown in Part 1, [25] whereas Figure 1 shows SEM images of the samples processed according to S1 and S2 and coiled at 873 K (600°C). Decreasing the coiling temperature leads to mixtures of polygonal ferrite and bainitic microstructures, as can be observed in Figure 2 .
The microstructures obtained in steel B are shown in Figure 3 (optical images) and in Figure 4 (SEM images), as a function of the coiling temperature. In this steel, coiling at 873 K (600°C) produces a significant fraction of acicular components, whereas at 923 K (650°C), a ferrite-pearlite microstructure develops. The pearlite volume fraction ranges between 21 pct and 26 pct for these microstructures. The decrease of the coiling temperature increases the fraction of bainite in the final microstructure and coiling at 573 K (300°C) leads to the formation of a fully bainitic microstructure. It is clear that the S2 sequence has a refining effect, independently of the final microstructure and steel composition.
The optical and SEM micrographs in Figure 5 correspond to steel C coiled at 993 K and 923 K (720°C and 650°C). The microstructures are mainly composed of ferrite, pearlite, and some acicular ferrite. The plates of acicular ferrite seem to be associated to the pearlite regions. The volume fraction of pearlite is of approximately 23 pct and 29 pct, respectively, for coiling at 923 K and 993 K (650°C and 720°C). The microstructure appears banded for coiling at 993 K (720°C), but this effect is not so apparent for the specimen coiled at 923 K (650°C).
The mean ferrite grain size for the F+P microstructures for all three steels has been plotted in Figure 6 as a function of the coiling temperature. The grain refinement produced with the S2 sequence is clear. Decreasing the coiling temperature for steels A has a refining effect after the S1 sequence. For the S2 sequence, the ferrite grain size is almost independent on the coiling temperature. Holding for 1 hour at 1143 K (870°C) before coiling (reference tests) does not modify the grain size produced with the one-pass deformation sequence (S1). However, the same holding stage counteracts to some extent the refining effect of the two-pass deformation sequence (S2). The coarsest mean grain size in steel B produced with the S1 sequence almost coincides with the size after the S2 sequence in steel A. The one-pass deformation sequence applied to steel C developed a coarse ferrite grain size, which is almost independent of the coiling temperature within the investigated range.
The variation of the tensile properties with the applied sequence and the coiling temperatures is shown in Figure 7 for the three steels. After sequence S1, steels A and B produce similar mechanical properties for the same coiling temperature. Nevertheless, after sequence S2, steel B consistently produces higher tensile properties than steel A. Steel C is softer than steel A and B. For the upper coiling temperature range ( ‡ 873 K [600°C]), a monotonic increase of both the yield and tensile strength, which can reach 100 to 120 MPa, is observed with decreasing coiling temperatures. Lowering the coiling temperature (below~873 K [600°C]) produces a slight decrease or some stagnation of the tensile properties, except when a fully bainitic microstructure is produced, in which case, the values increase over those for ferrite-pearlite. A good example of this is the steel B cooled at~15°C/s to the coiling temperature of 673 K or 573 K (400°C or 300°C) (FC).
The S1-R sequence produces an unstable condition for steel A. tensile specimens machined from different plane strain compression tests produce a much broader scatter than for any other sequence. This variability can be attributed to the delayed Nb precipitation in a recrystallized austenite. The applied model predicts the completion of Nb precipitation after~1 hour holding at 1143 K (870°C), but this can vary depending on local Nb concentration and/or small deviations in processing conditions. [25] This is why the tensile results for S1 have not been plotted in Figure 7 . Nevertheless, independently of the previous deformation sequence and of the scatter in yield strength for S1, the steel is softer when it is held at 1143 K (870°C) before coiling at 923 K (650°C).
Free nitrogen can make a significant contribution to the tensile properties. To investigate the effect of the coiling temperature on the amount of free nitrogen, some selected steel A specimens from S1 were submitted to internal friction tests. Unfortunately, no conclusive results were obtained. As an alternative, dynamic strain aging was investigated by performing tensile tests at different temperatures. The graph in Figure 8 shows some examples of the tensile curves obtained at room temperature, 473 K and 623 K (200°C and 350°C) with steel A thermomechanically processed according to the S1 sequence but different coiling temperatures. Some oscillations can be observed on the curves obtained at 473 K and 623 K (200°C and 350°C), whereas those produced at room temperature are smooth. Deformation at 473 K (200°C) leads to lower yield and tensile strengths and a higher elongation than at room temperature, but steel ductility decreases for the test performed at 623 K (350°C), independently of the coiling temperature. The dependence of the tensile strength with respect to the tensile test temperature is shown in Figure 9 . It can be observed that for coiling at 1023 K, 973 K, and 673 K (750°C, 700°C, and 400°C), the tensile strength decreases monotonously with an increase in the tensile test temperature in the range of 293 K to 623 K (20°C to 350°C). Coiling at 873 K (600°C) produces a singular behavior: When increasing the tensile test temperature in the range from 293 K to 473 K (20°C to 200°C), the tensile strength decreases, but between 473 K and 623 K (200°C and 350°C) , the tensile strength increases. 
V. DISCUSSION
The applied deformation sequences were designed via modeling [27] to condition the austenite in two different ways. Sequence 1 (S1) was aimed at producing a recrystallized austenite, whereas sequence 2 (S2) resulted in some strain accumulation in austenite before transformation. S1 produced a ferrite-pearlite microstructure in steel A for coiling temperatures equal to or higher than 873 K (600°C) (Figure 1 ). Within this temperature range, the final ferrite grain size increased with the coiling temperature, as shown in Figure 6 .
a low undercooling below A r3 results in low driving energy for nucleation that leads to reduced density of ferrite nuclei. The second factor is the ferrite coarsening taking place behind the transformation front. [28, 29] Consequently, it seems logical that coiling at 873 K (600°C) produces a finer grain size than coiling at 1023 K (750°C). In this same steel, S2 produces a significant grain refinement with respect to S1, leading to a mean grain size of approximately 14 lm, which remains almost constant over the 873 K to 1023 K (600°C to 750°C) range of coiling temperatures. The strain accumulated in austenite increases the density of the ferrite nuclei. This together with the fact that the ferrite grain coarsening is to some extent reduced when strain accumulates in austenite explains the lesser influence of the coiling temperature on the final grain size for S2. The coalescence mechanism, which is one of the main mechanisms of the ferrite grain coarsening behind the transformation front, occurs between ferrite grains separated by low misorientation boundaries, but the density of such boundaries reduces when the transformation happens from a deformed austenite. [30] The higher carbon content in steel B, as compared with steel A, produces a higher volume fraction of pearlite and increases hardenability; this last effect is manifested by a greater tendency to form bainitic microstructures in steel B (Figures 2, 3 ). Coiling at 873 K (600°C) produces some bainite in steel B, whereas in steel A, the microstructure is ferrite-pearlite. At low coiling temperatures, a fully bainitic microstructure is obtained in steel B (Figure 4) , whereas in steel A, a mixture of ferrite-pearlite and bainite is produced. Steel B, when coiled at 923 K (650°C), gives grain sizes of 14 and 7 lm, respectively, after sequences S1 and S2, which are significantly finer than those obtained in steel A. In addition to the difference in composition that affects Ar 3 , both a lower reheating temperature and a higher strain applied throughout the S1 sequence to steel B, compared with steel A, contribute to the grain size refinement. In the S2 sequence applied to steel B, the second pass deformation temperature was lower than that used to deform steel A. This difference in the thermomechanical sequence also contributes to the grain refinement observed in steel B.
In steel C, a small fraction of acicular ferrite appears together with ferrite-pearlite, even for a coiling temperature as high as 993 K (720°C). This can be explained by the coarse austenite grain size resulting from the application of the S1 sequence to this steel. The low Nb content cannot control the austenite grain size under the applied conditions, leading to a coarser ferrite grain size than the other two steels (Figure 6 ). This steel is relatively soft, and the tensile properties remain almost the same after coiling at 923 K (650°C) or at 993 K (720°C) (Figure 7) . The only specimens to show low yield stress are those corresponding to the reference test (S2-R) and to S1 and S2 after coiling at 1023 K (750°C) for steel A. 
A. Yield to Tensile Strength Ratio: Microstructure and Grain Size
The yield to tensile strength ratio has been plotted in Figure 10 (a), as a function of the coiling temperature. The variation is not very pronounced among the different steels and processing conditions; it varies between 0.67 and 0.77. Some lines have been drawn to approximately separate the diagram into the following regions: ferrite-bainite, bainite, and ferrite-pearlite. In the first of these regions, as the coiling temperature decreases (and the bainite fraction increases), the ratio slightly reduces. For fully bainitic microstructures this same trend holds, but the yield to tensile ratio becomes higher than for mixed microstructures. It seems clear that in the ferrite-pearlite region (coiling temperatures >873 K [600°C]), the ratio YS/TS (yield to tensile strength) increases when the coiling temperature decreases. The main shift happens between 1023 K and 973 K (750°C and 700°C), and it affects both S1 and S2. It has to be noted that the yield point elongation almost vanishes for the steel coiled at 1023 K (750°C), and this can explain part of this major difference in the yield to tensile strength ratio. Nevertheless, the decrease in the ratio with the coiling temperature is the expected trend for ferrite-pearlite plain C-Mn steels because the strain hardening increases with the grain size. [31] When comparing the current results with those obtained in C-Mn steels, [34] Figure 10 (b), it can be seen that the C-Mn-Nb steels follow almost the same trend as the C-Mn steels, but small deviations appear, which indicates that factors other than grain size play a role.
B. Contribution of Nb in Solution to the Yield Strength
For ferrite-pearlite microstructures, the contribution of Nb to the yield stress can be estimated by subtracting the grain size, solute, and pearlite contributions and the lattice friction stress from the experimental yield stress, r yexp , leading to [32, 33] 
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Fig. 10-Evolution of the yield/tensile strength ratio, as a function of (a) the coiling temperature and (b) for ferrite-pearlite microstructures, of the ferrite mean grain size. In this last case, the results are compared with those obtained with plain carbon mild steels. [34] .
where r o = 54 MPa and the contribution from solutes is given by
where the concentrations are expressed in wt pct, and N ss and C ss are nitrogen and carbon in solid solution, respectively. This equation has been recently applied [34] with some success to low-carbon steels. Here, it will be applied to determining Dr y for the microstructures produced at high coiling temperatures for which a ferrite-pearlite microstructure is obtained. Steels B and C have a higher carbon content than steel A, which produces a pearlite volume fraction of around 25 pct with an interlamellar spacing, k @ 0.35 lm. This is a relatively high pearlite content and equations other than Eq. [6] have been tested. [33] These equations produced an overestimation of the tensile strength and in the end Eq. [6] was applied to all the steels.
When applying Eq. [6] , the values of the free C and the free N need to be known. Given that during simulated coiling a slow cooling is applied inside the furnace to reach room temperature, it can be assumed that the C equilibrium concentration is reached. Consequently, a value of 0.002 pct (room-temperature equilibrium carbon) was considered independently of the coiling temperature and of the deformation sequence. As a first approach, it was assumed there is no free nitrogen. The corresponding Dr y values have been plotted in Figure 11 , as a function of the coiling temperature and the thermomechanical sequence for the ferrite-pearlite microstructures produced in the three steels. There is some correlation between the Nb content in the steel and the level reached by Dr y , which increases with the Nb content in the steel. A decrease of the coiling temperature produces an increase in Dr y in steel A, for both sequences. Nevertheless, S1 produces higher values than S2. But the lowest value of Dr y (~40 MPa) is obtained for the reference test (S2-R) in which case, the model [27] predicts the complete precipitation of Nb in austenite. This precipitation was confirmed by transmission electron microscopy observations. [25] Previous estimations about the contribution of the precipitation in austenite to the yield stress in steels with similar compositions (0.07 to 0.08C; 0.68 to 1.00Mn; 0.043 to 0.065Nb) to steel A gives the reported value Dr y @ 65 MPa, including the effect of free C. [8, 35] C. Strengthening Contribution from Free N and Dynamic Strain Aging
The Dr y values obtained for steel C are almost independent of the coiling temperature. The holding stage at 1143 K (870°C) applied to steel C during the S1-R sequence gives a yield stress of 320 MPa and a tensile strength of 478 MPa, which are almost the same as for the S1 sequence. This is logical as, according to the predictions from the model. [25] no precipitation is expected during the holding stage at 1143 K (870°C) in this steel because of its relatively low Nb content. For steel B, the S1 and S2 pass sequences give almost the same Dr y . A quantitative analysis of the net effect of Nb on the strength of the material requires correction for the eventual N ss contribution. The maximum contribution to the yield stress from free nitrogen, according to Eq. (7), results in about 31, 39, and 20 MPa for steels A, B and C, respectively. This equation assumes a linear dependency between free nitrogen and the associated strengthening term, but a non-linear relation has also been proposed of the form Dr Nss = k N N ss 0.5 , with k N a constant adopting different values, depending on the source (i.e., k N = 354, [4] k N = 425 [36] ). However, for the current range of N contents, the maximum difference in predicted contribution, depending on the equation, is as low as 2 MPa. Accordingly, the following equation will be used [3] :
Attempts made to measure the free nitrogen by internal friction tests were unsuccessful. Alternatively, the presence of free nitrogen was assessed by performing tensile tests at different temperatures in the range where the dynamic strain aging (DSA) manifests. The presence of N in solution produces DSA in C-Mn steels, leading to an eventual increase in the tensile strength and lower ductility when deformation is performed at approximately 473 K (200°C) instead of at room temperature. [37] For microalloyed steels, the dynamic strain aging is less intense and takes place at higher temperatures. [38] The serrations produced by the Portevin-LeChatelier effect clearly manifest in the tensile curves shown in Figure 8 . It can be observed that the elongation for the tensile tests performed at 473 K (200°C) is higher than that at 293 K (20°C), but it decreases for the tests performed at a higher temperature. Coiling at 873 K (600°C) produces a singular behavior, shown in Figure 8 . For the rest of the selected conditions, the tensile strength decreases monotonously with the temperature of the tensile test in the 293 K to 623 K (20°C to 350°C) range. This is in line with the behavior observed for different steels grades, [39] [40] [41] particularly when the addition of strong nitride forming elements like B [39] or V [40] removes nitrogen from the solid solution. Transmission electron microscopy has revealed Nb(C,N) interphase precipitates and AlN particles at dislocations in steel A processed according to the S1 sequence and coiled at 1023 K (750°C). The removal of N from the solution during high-temperature coiling, because of AlN precipitation, is generally accepted for C-Mn steels, [42, 43] which explains the very low DSA occurring at the 1023 K to 973 K (750°C to 700°C) temperature range (Figure 8) .
The difference, DTS DSA , between the tensile strength at a given testing temperature and that at room temperature, produces negative values for most of the cases. The evolution of DTS DSA as a function of the coiling temperature has been plotted in Figure 12 . For the lowest coiling temperature investigated, DTS DSA becomes slightly positive. This pattern is completely modified for the tensile test performed at 623 K (350°C). DTS DSA is affected by the peak appearing for the coiling at 873 K (600°C). A ferrite-pearlite microstructure together with some free nitrogen is responsible for this singular behavior obtained for coiling at 873 K (600°C).
Transmission electron microscopy has revealed [25] that coiling at 873 K (600°C) produces homogeneous and fine Nb-rich precipitation in ferrite. Several precipitates, from all of those analyzed by energy-dispersive Xray spectroscopy, showed traces of Al in addition to Nb. But no AlN like those observed after S1 and coiling at 1023 K (750°C) were observed, nor in thin foils or extraction replicas. [25] This holds with previously reported results on low-carbon Al-killed steels, indicating that the precipitation of AlN is suppressed at low coiling temperatures. [42, 43] According to the current results, the presence of Nb does not significantly modify this pattern. Nevertheless, hot rolling sequences followed by direct quenching, reheating to the coiling temperature, and coiling simulation, produces the precipitation of NbN, followed by NbC formation when N has been consumed. [44, 45] This finding indicates that the tempering of the martensite taking place during this type of sequence produces a different precipitation pattern than direct cooling from finishing to the coiling temperature.
The N in solution present after coiling at 873 K (600°C) (Figure 9 ) is responsible for the DSA that breaks the monotonously decreasing tendency of the tensile strength when increasing the tensile testing temperature. In C-Mn steels, the magnitude of this deviation depends on the amount of free N. Nevertheless, the peak tensile strength for S1 and coiling at 873 K (600°C) is relatively low when compared with the one obtained for C-Mn-Mo-Nb steels of nitrogen content similar to steel A. [41] This could indicate that the amount of N in solution is low even for S1 and coiling at 873 K (600°C) sequence. Alternatively, it is known that the precipitates finely dispersed in the matrix are effective sinks for free interstitial elements. [46] Interstitial atoms segregate to the matrix/particle interfaces if enough thermal energy for diffusion is provided. For the tests performed in the 473 K to 623 K (200°C to 350°C) temperature range, it can be assumed that nitrogen atmospheres segregate quickly to the NbC/ferrite interface. In this way, free nitrogen is partially removed from solution and aging reduces.
Coiling at low temperatures leads to the formation of nonpolygonal ferrite and here again the DSA is very low. Apparently, the sensitivity of bainitic microstructures to dynamic strain aging is low because of the presence of transformation dislocations. [47, 48] In fact, yield point elongation on the tensile curves obtained when deforming at room temperature is clearly observed for S1 and coiling at 873 K (600°C), but it almost disappears for the coiling at 773 K (500°C) and is absent at lower coiling temperatures.
The concentration of free nitrogen as a function of coiling temperature was estimated for the case of a C-Mn steel via modeling, [49] and the exact contribution from the Nb, Dr yNb, was deduced by the application of Eq. [7] . In contrast, regarding the concentration of the Nb in solution before transformation to ferrite, Nb free was estimated from the MOFRIPE model. [27] For example, for steel A processed according to the S2 sequence, the strain-induced precipitation in austenite limits the amount of available Nb free to approximately 0.044 pct, whereas for the S2-R, the model predicts the complete precipitation of Nb in austenite (Nb free @ 0). The values for Dr y and Dr yNb corresponding to a coiling temperature of 923 K (650°C) have been plotted in Figure 13 as a function of the estimated Nb free . The common linear relationship results for the three steels leads to
with Nb free in (wt pct). When taking into consideration the N-corrected yield stress Dr yNb , a better fit is obtained using a smaller slope of approximately 1900 MPa per pct Nb free . The increase in tensile strength from Nb has been estimated by using the same equation applied in [6] DTS MPa ð Þ¼TS exp À 49 Mn À 112 Si except the coefficient affecting the pearlite term, which was 4.9 MPa per pct pearlite in the original article has been substituted here by 3 MPa per pct pearlite. This modification does not significantly affect the results obtained in Reference 6, which correspond to lowcarbon steels (<0.07 pct C) or in steel A, for the same reason. These two sets of results almost superimpose when the DTS is plotted as a function of the estimated Nb free ( Figure 13 ). Nevertheless, the results corresponding to steels B and C, which contain a higher carbon content and therefore a larger volume fraction of pearlite (20 to 25 pct) than steel A, need the previously mentioned correction of the coefficient to adjust the obtained results into the same scatter band exhibited by the low-carbon steels. It must be noted that the slope proposed in Reference 6 for the DTS plot is the same one that applies to the Dr y plot (Eq. [8] Figure 14 as a function of the coiling temperature in the 873 K to 1023 K (600°C to 750°C) range. The maximum contribution is reached for steel A in agreement with its higher Nb content. The strain-induced precipitation of Nb in austenite during the S2 thermomechanical sequence reduces the Nb contribution, independently of the coiling temperatures because of the strain-induced precipitation of this element in austenite. Additionally, the net effect of Nb increases significantly when the coiling temperature decreases, which is in agreement with previous results. [6] No signs of significant difference in the dislocation density into the ferrite grains obtained after S1 and coiling at 1023 K and 873 K (750°C and 600°C) was detected by TEM and electron backscattered diffraction. [25] Consequently, the difference in the Dr yNb values should be attributed to the effect of Nb precipitation in ferrite. Transmission electron microscopy has revealed some discontinuous interphase precipitation for S1 and coiling at 1023 K (750°C), whereas coiling at 873 K (600°C) produced very fine and homogeneous precipitates. [25] Given that S1 and coiling at 873 K (600°C) presents indices of free N, these homogeneous precipitates should be of the type NbC that follow a semicoherent orientation relationship with the ferrite matrix and remain stable in size even for large holding times (48 hours) at 873 K (600°C). [25] The NbC precipitates in steel A coiled at 873 K (600°C) follow a Baker-Nutting orientation relationship with the ferrite. This gives semicoherent precipitates in ferrite. For the range of NbC cubic carbides that are reported (4.43 to 4.47 nm) lattice misfits of~43 and 9 pct are obtained for the planes pairs: {001} a to {001} NbC and {001} a to {011} NbC , respectively. There is a general consensus about the fact that TEM images do not reveal the typical contrast observed for coherent particles. The presence in some cases of weak streaks indicates that the NbC has precipitated as platelets lying on the {001} NbC // {001} a planes. [50] No indices of coherency contrast or of streaks were observed for the fine precipitates found in steel A, [23] and a spherical shape was assumed.
D. Precipitation Strengthening
Ashby-Orowan's equation (Eq. [5] ) was applied to estimate the theoretical upper bound of the variation of precipitation contribution r ppt with the precipitate diameter, assuming that all the Nb in the steel had finely precipitated (Figure 15 ). The value Dr yNb @ r ppt @ 90 MPa that was obtained for steel A processed according to the sequence S1 and coiling at 1023 K (750°C) (Figure 14) can be reached for a precipitate mean diameter of about 7.5 nm (Figure 15 ). Transmission electron microscopy [25] revealed a mean particle size of around 6 nm in this specimen. Accordingly, AshbyOrowan's formulation correctly predicts the extra strengthening caused by Nb.
For the sequence S1 and coiling at 873 K (600°C), the value Dr yNb @ r ppt @ 152MPa can be reached for a mean particle diameter of approximately 2.5 nm (Figure 15 ). Transmission electron microscopy performed on steel A after coiling at 873 K (600°C) revealed the presence of fine precipitates homogeneously distributed in the matrix. [25] The observation of these particles required dedicated TEM work. It was not possible to obtain dark-field images of the precipitates and the measurements performed on bright-field images obtained from thin foils overestimated their actual size. [23, 24] Subsequent work on extraction replicas showed very fine precipitates in steel A when coiled at 873 K (600°C). A microanalysis performed on the coarsest of them (~5 nm) clearly indicated that they are Nb rich. [25] It is not possible to obtain a quantitative estimation of these very fine precipitates by transmission electron microscopy. Nevertheless, extremely small particles (2.4 nm mean diameter) have already been observed by small-angle neutron scattering for coiling simulations performed at 873 K (600°C) [51] in a Fe-Nb-C laboratory alloy containing 110 ppm C and 780 ppm Nb. Some precipitation takes place during the 65 minutes of holding at 873 K (600°C) and continues during the subsequent cooling to room temperature, but the size of the precipitates is not significantly affected, which holds with the observed size stability of the precipitates in the current steel. [25] Ashby-Orowan's equation loses validity for small precipitates when these are coherent and become penetrable to dislocations. For shearable precipitates, the stress increases with the particle size at a given volume fraction, until the maximum precipitation-strengthening stress is reached at the transition from shearable to nonshearable particles. [22] The question that could be raised is how shearable are the extremely fine NbC precipitates (2 to 3 nm) with a Baker-Nutting orientation relationship. But it can be concluded that, given the value of r ppt @ 152 MPa that was deduced for S1 and coiling at 873 K (600°C), the critical NbC particle diameter at the transition between shearable and nonshearable particle should be at approximately 2.5 nm, which is reasonable. [6] Consequently, even if considering NbC as shearable, Ashby-Orowan's equation would provide a sufficiently good estimation.
A remarkable point is the fact that, independently of the deformation sequence and of the steel composition and as long as a mixed microstructure that contains a sufficiently high fraction of polygonal ferrite is obtained, the tensile properties remain almost constant in the steel over a broad range of coiling temperatures. The fraction of acicular ferrite increases with decreasing coiling temperature, whereas the fraction of both pearlite and ferrite decrease. For a cooling rate of 5 K/s, the A r3 temperature in steel A was determined to be at approximately 903 K (630°C), [52] which explains the presence of a relatively high fraction of polygonal ferrite even at low coiling temperatures.
The 15 K/s cooling rate applied to steel B from finishing to 573 K to 673 K (300°C to 400°C) temperature produces a fully bainitic microstructure with a yield strength of approximately 75 MPa over yield strength reached for a ferrite-pearlite microstructure (coiling at 923 K [650°C]). It can be assumed that for the coiling at low temperatures (673 K to 573 K [400°C to 300°C]), the NbC precipitation in ferrite is suppressed, [6] and the extra strengthening can be mainly attributed to the microstructural refinement and to the transformation dislocations. If the estimated NbC precipitation contribution of approximately 85 MPa for S2 and coiling at 923 K (650°C) is subtracted, and ignoring the contribution from the ''grain refinement'' and extra strengthening of approximately 160 MPa, it turns out that the result can be attributed to the transition from a reconstructive type of transformation (ferrite-pearlite) to a displacive one (bainite). The application of Eq. [4] , which considers isothermal transformation at 673 K (400°C), leads to a value of approximately 260 MPa, but the transformation that takes place after S2 in steel B is anisothermal. At a cooling rate of 15 K/s, transformation starts before the 673 K (400°C) coiling temperature is reached and results in a smaller dislocation density that that predicted by Eq. [2] .
VI. CONCLUSIONS
The processing conditions defining the thermomechanical sequence applied to condition the austenite and the coiling temperature have a significant effect on the tensile properties of the Nb microalloyed steels. An extra contribution to the strength (beyond the solutes and the grain size contributions) comes from the Nb remaining in solution, Nb free , before transformation. The extra strengthening affecting both the yield and the tensile strength is almost proportional to the Nb free and the proportionality constant is similar to previously reported values.
The maximum extra strengthening associated with a ferrite-pearlite microstructure is obtained for a coiling temperature of 873 K (600°C 
